Introduction
In most of the equatorial Pacific the evolution of the sea surface temperature is strongly affected by the oceanic circulation. The variability of the surface currents thus plays an important role in the E1 Nifio-Southern Oscillation (ENSO) phenomenon, and its monitoring is crucial for understanding the physical processes that control the low-frequency changes in the sea surface temperature (SST) and the oceanatmosphere coupling. Wyrtki [1974] has estimated the fluctuations in the tropical Pacific zonal currents by monitoring sea level differences between several islands, suggesting, in particular, that the westward North Equatorial Current (NEC) and eastward North Equatorial Countercurrent (NECC) fluctuate synchronously and in opposition to the westward South Equatorial Current (SEC). Somewhat more accurate estimates of particular, Hayes et al. [1991b] studied the surface mixed layer heat budget along 110øW during 1986-1988. Although no single process dominated the SST changes and many terms in the heat balance were important, there was little correlation between mixed layer heating and zonal temperature advection and only some evidence of meridional advection effects. However, the spatial resolution was poor and the duration of the measurements limited. Using a more complete data set at 140øW, Kessler and McPhaden [1995] suggested that the largest SST anomaly variations during 1991-1993 could be ascribed to upwelling and that horizontal advective mechanisms were only important at certain times.
In this paper we analyze the effects of horizontal advection on the low-frequency SST anomaly variability in the tropical Pacific, using our surface current estimates and the SST data of Reynolds and Smith [1994] . Again, we consider the 1987-1993 period, although the surface currents are noisy at the beginning of the period and there are large gaps near the equator in 1993. However, we restrict the analysis to a somewhat smaller portion of the tropical Pacific where regions which are generally poorly sampled have been eliminated. Note that only the large spatial and temporal scales can be resolved by the analysis and that we do not consider other important terms in the nearsurface heat budget, like vertical advection, eddy heat flux, and surface heat exchanges. Thus we do not expect even a rough balance between SST anomaly rate of change and anomalous horizontal advection.
The paper is organized as follows. In the next section we present the buoy drifts and the mooring currents and recall how they were merged and how the seasonal cycle was estimated. Our version of objective analysis is described in section 3, and the main features of the observed current anomalies and their dominant spatial patterns of variability are discussed in section 4. The effects of horizontal advection on SST anomaly changes are investigated in section 5, and a summary is given in section 6.
Data

Drifters
The data used in this analysis were obtained from drogued surface drifters and moored current meters deployed in the equatorial Pacific during the period January 1987 to December 1993. The data and data handling are described by Reverdin et al. [1994] (hereinafter referred to as REV)i and only a summary is given here.
The drifters typically have a surface float linked by a loose tether to a subsurface float at 4 m and a drogue centered at 15 m. They were tracked by satellite with the Argos system, with rms positioning errors of less than a few hundred meters. There are typically five to eight satellite fixes per day, and the raw positions were constructed at 6-hourly intervals with a krieging algorithm [Hansen and Herman, 1989] . As most buoys were only emitting 1 day out of 3, daily averaged velocities reported at midday were used. The number of drift days greatly increases after mid-1988. The data density varies somewhat in time and space, and large areas can be poorly sampled at times. Also, the drifter density can be small at the equator because of the meridional divergence of the surface currents [Poulain, 1993] .
Calibration experiments [e.g., Niiler et al., 1987] suggest that the drifts of the drogued buoys are within a few centimeters per second of the currents at 15 m and that the difference can be modeled, knowing the buoy characteristics, the wind, and the current shear. This error can be coarsely modeled by 0.003 W, where W is the wind velocity at 10 m, and it was corrected for in the daily currents, using monthly pseudostress field derived from ship and buoy measurements by Legler and O'Brien [1985] to estimate W. Typically, the correction does not exceed 3 cms -•.
Nearly 30% of the drifter data considered here (but only 10% near the equator) were reported as having lost their drogue. Although undrogued buoys could have an additional downwind drift of the order of 10 cm s -• no correction was attempted because, in practice, some of the drogue loss reports are uncertain; for example, 41 buoys in the western Pacific for which drogue loss was reported were not equipped with a drogue-loss sensor. The averaged downwind error resulting from the inclusion of undrogued buoys should range between 1 cm s -• near the equator and 5 cm s -• poleward of 10øN, 10øS. This is within the range of current errors associated with deviations of the drogue center from its nominal depth and well below sampling errors. Note that REV was not able to distinguish the seasonal currents estimated from all the buoys from those using only buoys reported with their drogue.
Since the currents have a much longer zonal than meridional scale, except near the continents, the daily velocity data were binned into monthly means on a 1 ø x 5 ø latitude x longitude grid. To better represent the meridional current structure, the equator is a boundary between grid boxes.
Moored Current Meters
Velocity measurements were also obtained from current meter moorings located along the equator at 110øW, 140øW, The high-frequency variability of the moored velocity time series is large, in particular, along the equator at 110øW and 140øW, with an integral timescale of about 3 days for the zonal component u and 2 days for the meridional component v. To blend the moored data with the drifter currents, the current meter records were divided into daily means.
2.3.
The Blended Product REV have shown from an investigation of close-by currents from moorings and drifters that there might be a systematic bias with stronger drifter currents but that it is usually less than 10 cm s -• and often small compared to the sampling errors.
Thus the two data sets were merged without further correction. Since the drifter data are sparse within 1 ø of the equator, because of the equatorial divergence, more importance was given to the current meter data in the blended product by choosing the grid so most equatorial moorings would be centered between four adjacent 1 ø x 5 ø grid boxes and distributing the moored data equally between the boxes. This artificially increases the apparent spatial coverage of the observations but does alter the number of independent data.
Because of the large level of high-frequency fluctuations, monthly mean velocities were only calculated at 1ø x 5 ø boxes with at least 5 days of data for u and 3 days for v. Their error was simply estimated by dividing the monthly variance by an effective number of independent samples per month, which was crudely taken as the number of current days divided by 5 for u and 3 for v. Figure 1 shows the total number of current days per bimonthly period for the zonal velocity. Although it is slightly larger for the meridional velocity, the sampling is too small to resolve the current anomalies on a monthly basis, except in a few areas, and a bimonthly resolution is used below.
Mean Seasonal Cycle
The construction of a mean seasonal cycle for the period between January 1987 and April 1992 is described in REV. The seasonal cycle was constructed by using a function-fitting algorithm, which interpolates and smoothes the monthly velocities zonally (the function is a straight line defined over five grid points centered at the longitude of interest) but not meridionally, and only keeps the yearly mean and the annual and semiannual harmonics. The fitting was done for each year by least squares and the monthly velocities weighted by their accuracy. The January 1987 to April 1992 mean seasonal cycle was then estimated by averaging, taking into account the accuracy of each year's estimates. Because of the zonal uniformity of the currents in the tropical Pacific, the mean velocity is well resolved in most regions. However, the smoothing procedure is inadequate near the boundaries. In particular, finer zonal resolution would be needed to represent correctly the Mindanao Current, as in the work by Lukas et al. [1991] .
Velocity Anomalies
The mean seasonal cycle was subtracted from the (gappy) monthly data, and bimonthly velocity anomalies with respect to the January 1987 to April 1992 monthly climatology were constructed at each grid ?tint by averaoino the monthly anorna- 
Objective Analysis
The gridded anomaly data are noisy and distributed irregularly. The accuracy of the anomaly fields depends both on the density of measurement and the level of short-timescale oceanic variability. To map the velocity anomalies onto a uniform grid, we use an optimal interpolation technique [Bretherton et al., 1976] , treating each velocity component and bimonthly period separately.
The objective analysis requires knowledge of the scales over which the data are correlated and, possibly, how this correlation varies in space and time. It also requires knowing the variance of the (true) signal, as well as having an estimate of the data noise and its space-time correlation. Thus the lagged covariance of the (true) signal must be given and the error covariance matrix of the data noise specified. 
where r is the spatial separation, V is the signal variance, and )• is an e-folding scale. For simplicity, we assume that the fields are spatially homogeneous but anisotropic, thus neglecting any regional and seasonal variability in the parameters, such as the large increase in zonal velocity variance as one approaches the equator. When estimated from the raw gridded bimonthly anomalies, the latter corresponds to a factor of 8 between 10 ø and 0 ø, but this includes the equatorward increase in variance of both the high frequencies (see Figure A1 of REV) and the resolved basinscale motions (e.g., Figure 9 ). Thus the modulation of V that would be needed in (1) should be much smaller, and indeed, the constant V does not prevent the variance of the analyzed fields to increase equatorward as much as the raw data. The anisotropy is taken into account by stretching the meridional coordinate by a factor of 5 and treating the stretched data as isotropic, which is simpler than specifying a zonal and a meridional correlation scale. This anisotropy corresponds to that of the bin size (5 ø x 1 ø) and is equal to the ratio of zonal to meridional decorrelation scales found for the depth of the 20øC isotherm in the tropical Pacific by Meyers et al. [1991] . It was found to fit well the observations, as seen in Figure 3 , where zonally and meridionally separated data points have been combined to estimate an averaged sample structure function for each velocity component, using 14 well-sampled bimonthly periods. Note that instead of using (1) 
where an overbar indicates spatial averaging and F(0) = 0, using all n i pairs of data (denoted by j and k) separated by distances smaller than 10 spatial units (5 ø in longitude and 1 ø in latitude) for u and 6 for v. As the locations of the current meters are not random within the 1 ø x 5 ø bins, only drifter data were considered. Relation (2) is affected both by the lowfrequency variations and the high-frequency data noise. To coarsely estimate the latter, we calculated the variance of the bimonthly velocity anomalies at each grid point by using the variance of the monthly means, assuming for simplicity that data in 2 consecutive months are independent and neglecting the small effect of subtracting the climatological cycle from the monthly data. The high-frequency noise was also assumed to be spatially uncorrelated. An averaged noise over all the grid points entering the sum was then subtracted from (2), which is equivalent to removing uncorrelated noise from a covariance function. The corrected sample structure functions for the 14 bimonthly periods were then averaged, using a weight proportional to the data density. The adjustable parameters in (1) are the variance V and the decorrelation scale ;t, which were estimated by least squares fitting to the mean structure functions. The fit was very good for both velocity components, except for a small systematic offset, suggesting that the high-frequency noise had been slightly overestimated. The disparity disappeared when only 90% of the estimated noise variance was subtracted from the sample structure functions, so this is the case represented in Figure 3 . A 10% reduction is well within the accuracy expected from the crudeness of our assumptions in estimating the number of independent samples at each grid point, whence it was also adopted for the analysis below. Note that the fit was also performed on individual bimonthly periods, showing, in most cases, a reasonable agreement with the model (1) but some variability in the estimated variance.
The fit yields decorrelation scales of 2.2 and 1.6 stretched units for u and v, respectively. This corresponds to e-folding scales of 11.1 ø longitude and 2.2 ø latitude for u and 8 ø longitude and 1.6 ø latitude for v, somewhat smaller than those found by Meyers et al. [1991] for the 20øC isotherm depth (15 ø longitude and 3 ø latitude). The signal variance V in (1) is 1.2 10 -2 m 2 s -2 for u and 3.4 10 -3 m 2 s -2 for v, so the rms value of the low-frequency, medium-scale anomaly currents given by the analysis is assumed to be 11 and 6 cm s-• for u and v, respectively. As pointed out before, the largest scales are not included in V but are explicitly resolved, except when there are large data gaps. Note that the value of V has very little impact on the analyzed fields but a strong influence on the error fields, as it completely determines the error in regions with no data coverage. Hence the more realistic use of a spatially varying variance V would have primarily affected the errors but not the anomaly fields.
The anomalies in each velocity component were mapped for each bimonthly period, using zero as a first guess and limiting, for simplicity, the radius of influence to five correlation scales. The noise at each grid point was given by the (corrected) high-frequency noise, except when the bimonthly mean was derived from less than seven daily values for u and five for v. Then, it was compared with the averaged variance over longitude and seasons at that latitude, divided by the effective number of samples. If the latter was larger than the noise, it was used instead. This avoids giving too much weight to data accidentally having too little dispersion, but may increase the smoothing. The full error covariance matrix of the analyzed fields was also estimated. 
The analysis is illustrated in
Advection Effects on SST Anomalies
The present data set and the mean seasonal currents of REV describe the large-scale, low-frequency surface currents during 1987-1993. In this section they are used to estimate their influence on the SST anomalies, although even an approximate balance between SST anomaly rate of change and anomalous advection is not expected, as there are other important terms in the SST anomaly equation which are not considered, like surface heat exchange, vertical advection, mixing, and SST advection by synoptic eddies and instability waves.
In addition to the present data set and the seasonal currents of REV, we use the high-resolution weekly SST product of Reynolds and Smith [1994] , which combines in situ SST data and satellite SST retrievals, using optimum interpolation analysis. First, the SST is calculated on a 1 ø x 5 ø grid of the surface currents. The SST advection by the net (seasonal plus anomalies) surface currents is calculated, using centered finite dif- 
where T is SST, a prime denotes a bimonthly anomaly, and an overbar denotes the seasonally varying climatology. In their study based on moored current meter data, Kessler and McPhaden [1995] have stressed that the calculation of the meridional advection term at the equator was very sensitive to the differencing scheme and that only upstream differencing could reflect the generally equatorward eddy heat flux associated with the tropical stability waves. However, our estimates were found to be insensitive to the differencing scheme, presumably because instability waves are not resolved in bimonthly data, and the equator is a boundary between grid boxes, so the differencing is not done symmetrically about the equator.
The correlation between the rate of change of the SST anomalies and (minus) the anomalous advection effects has been calculated at each grid point. The results were somewhat noisy, so the data have been averaged on a 2 ø x 10 ø grid. The correlations are given in Figure 11 for zonal and meridional The current anomalies are primarily zonal, with largest amplitudes within about 8 ø from the equator and a dominant timescale somewhat smaller than that of the sea surface temperature anomalies. The dominant patterns of variability of the zonal current anomalies are directly linked to ENSO. In particular, broad westward anomaly currents were encountered throughout the equatorial band during the 1988 La Nifia, and strong basin-wide eastward anomaly currents persisted from July-August 1991 to January-February 1992, followed by west-
